Dibenzothiophene is a sulfur heterocycle found in crude oils and coal. The biodegradation of dibenzothiophene through the Kodama pathway by Pseudomonas sp. strain BT1d leads to the formation of three disulfides: 2-oxo-2-(2-thiophenyl)ethanoic acid disulfide, 2-oxo-2-(2-thiophenyl)ethanoic acid-2-benzoic acid disulfide, and 2,2-dithiodibenzoic acid. When provided as the carbon and sulfur source in liquid medium, 2,2-dithiodibenzoic acid was degraded by soil enrichment cultures. Two bacterial isolates, designated strains RM1 and RM6, degraded 2,2-dithiodibenzoic acid when combined in the medium. Isolate RM6 was found to have an absolute requirement for vitamin B 12 , and it degraded 2,2-dithiodibenzoic acid in pure culture when the medium was supplemented with this vitamin. Isolate RM6 also degraded 2,2-dithiodibenzoic acid in medium containing sterilized supernatants from cultures of isolate RM1 grown on glucose or benzoate. Isolate RM6 was identified as a member of the genus Variovorax using the Biolog system and 16S rRNA gene analysis. Although the mechanism of disulfide metabolism could not be determined, benzoic acid was detected as a transient metabolite of 2,2-dithiodibenzoic acid biodegradation by Variovorax sp. strain RM6. In pure culture, this isolate mineralized 2,2-dithiodibenzoic acid, releasing 59% of the carbon as carbon dioxide and 88% of the sulfur as sulfate.
Dibenzothiophene (DBT) is a common sulfur heterocycle in petroleum, and its biodegradation has been studied as the model organosulfur compound in crude oils. There are three pathways for DBT biodegradation which have been described (reviewed in references 6 and 32). In a unique pathway, van Afferden et al. (47) reported the angular dioxygenation of DBT by Brevibacterium sp. DO producing DBT sulfoxide, DBT sulfone, and benzoate as major intermediates during DBT mineralization. The most extensively studied pathway, the biodesulfurization pathway for DBT (22, 25, 26, 27, 31, 37) , is inhibited by the presence of sulfate and is not likely to contribute to DBT biodegradation in sulfate-containing environments such as the oceans (32) .
In the Kodama pathway (28, 29) , one of the homocyclic rings of DBT is broken, and the sulfur remains in an organic form as 3-hydroxy-2-formylbenzothiophene (HFBT). There have been no reports of the complete mineralization of DBT by bacteria using the Kodama pathway. However, HFBT can be mineralized (7) , and benzothiophene-2,3-dione was detected in acidified HFBT-degrading cultures (7) , and in DBT-degrading cultures (5, 34) . Bressler and Fedorak (8) proposed an abiotic mechanism for the formation of benzothiophene-2,3-dione from HFBT. At neutral pH, the thiophene ring of benzothiophene-2,3-dione would open to form 2-mercaptophenylglyoxylate (15) , as shown in Fig. 1 .
Bressler and Fedorak (8) identified three disulfides, including two novel products from DBT biodegradation and a third that was previously reported (18) , in cultures degrading DBT through the Kodama pathway. 2-Mercaptophenylglyoxylate abiotically dimerizes as shown in Fig. 1 . After abiotic losses of two carbon and oxygen atoms, 2,2Ј-dithiodibenzoic acid is formed (Fig. 1) .
The fate of these disulfides is unknown, and our objective was to isolate a bacterial strain capable of biodegrading 2,2Ј-dithiodibenzoic acid.
MATERIALS AND METHODS
Chemicals. 2,2Ј-Dithiosalicylic acid (2,2Ј-dithiodibenzoic acid, 95%; Lancaster Synthesis Windham, NH) contained 1% (wt/wt) benzoic acid as a contaminant (48) . Benzoic acid-free 2,2Ј-dithiodibenzoic acid was prepared by abiotic dimerization of 2-mercaptobenzoic acid (Aldrich, Milwaukee, WI).
2-Oxo-2-(2-thiophenyl)ethanoic acid disulfide was prepared by adding 20 mg of benzothiophene-2,3-dione (23), dissolved in 1 ml of dichloromethane, to warm, sterile sulfate-free mineral medium (SFMM; see below).
4,4Ј-Dithiodibenzoic acid was formed from the oxidation of 4-mercaptobenzoic acid (Aldrich) in SFMM. Reacting 2-mercaptobenzoic acid with 4-mercaptobenzoic acid in SFMM yielded three disulfides. Comparison of the highpressure liquid chromatography (HPLC) retention times and UV spectra with those of authentic standards showed that two of the disulfides were 2,2Ј-dithiodibenzoic acid and 4,4Ј-dithiodibenzoic acid. The third disulfide was presumed to be the mixed disulfide, 2,4Ј-dithiodibenzoic acid.
Combining 2-mercaptobenzoic acid and mercaptoacetic acid (Aldrich) in SFMM yielded a mixture of 2,2Ј-dithiodibenzoic acid, dimercaptoacetic acid disulfide, and a mixed disulfide (HOOC-C 6 H 4 S-SCH 2 COOH).
Sulfitolysis (12) of 2,2Ј-dithiodibenzoic acid was done by mixing 0.082 mmol of this disulfide with 1.2 mmol of Na 2 SO 3 in 100 ml of SFMM. The formation of the sulfitolysis product, 2-(S-sulfo)benzoic acid (HOOC-C 6 H 4 S-SO 3 H), was confirmed by LC-MS in the Mass Spectrometry Laboratory in the Department of Chemistry, University of Alberta. The product gave a M Ϫ ion of m/z 233.0, as expected.
Media and general incubation conditions. The SFMM (pH 7) contained (per liter): K 2 HPO 4 , 0.5 g; NaCl, 1.0 g; MgCl 2 . 6H 2 O, 0.1 g; NaNO 3 , 2.4 g; and 1 ml of a trace metals solution (17) . In later studies, 1 ml of a filter-sterilized vitamin solution (13) was also added to each liter of SFMM. The SFMM, 200 ml in 500-ml Erlenmeyer flasks containing 100 mg of CaCO 3 (to buffer the medium near neutrality), was sterilized by autoclaving at 121°C and 15 lb/in 2 . All cultures were incubated with shaking at 200 rpm in the dark at 28°C. Samples were stored at Ϫ20°C prior to HPLC analysis. To prepare inocula, pure cultures were grown on PCA plates (Becton Dickinson, Sparks, MD); each plate was then washed with 4 ml of sterile phosphate buffer (3 mM, pH 7.3), and 1 ml of the cell suspension was added to 200 ml of medium.
Biodegradation of 2,2-dithiodibenzoic acid and related compounds. 2,2Ј-Dithiodibenzoic acid was added to SFMM from a filter-sterilized solution that contained 200 mg of 2,2Ј-dithiodibenzoic acid dissolved in 20 ml of 0.1 M NaOH.
To prepare enrichment cultures, 10-g samples of six different garden soils were added individually to flasks of SFMM. The most active enrichment culture that degraded 2,2Ј-dithiodibenzoic acid contained garden soil collected from around marigold (Tagetes sp.) roots in Edmonton, Alberta. Two bacterial isolates from this culture, designated RM1 and RM6, were studied in detail.
Isolate RM6 was inoculated into vitamin-supplemented SFMM with different carbon or carbon and sulfur sources and observed for growth. The substrates: glucose, sodium benzoate, sodium acetate, naphthalene, DBT (Fluka, Buch, Switzerland), and benzyl disulfide, phenyl disulfide, benzyl sulfide, phenyl sulfide, octyl sulfide, n-dodecyl sulfide, benzothiophene, or benzenethiol (Aldrich) were tested individually at a concentration of 1 mmol/liter. For substrates tested as carbon sources in vitamin-supplemented SFMM, including 100 mg of salicylic acid/liter or 100 mg of catechol/liter, 2 mM sulfate was added. 2-Oxo-2-(2-thiophenyl)ethanoic acid disulfide was provided as a carbon and sulfur source and as a sulfur source with 3 mmol acetate/liter as a carbon source.
The mixture of 2,4Ј-dithiodibenzoic acid, 4,4Ј-dithiodibenzoic acid, and the 2-mercaptobenzoic acid-mercaptoacetic acid mixed disulfide was added to SFMM as substrates for isolate RM6. Isolate RM6 was also inoculated into SFMM with 100 mg of 2-sulfobenzoic acid/liter (Aldrich) or with both 100 mg of 2-sulfobenzoic acid/liter and 100 mg of 2,2Ј-dithiodibenzoic acid/liter.
To confirm that benzoic acid was a metabolite, isolate RM6 was inoculated in triplicate into vitamin-supplemented SFMM that contained 2,2Ј-dithiodibenzoic acid formed from 2-mercaptobenzoic acid. When benzoic acid was detected, the culture was acidified with concentrated HCl to pH Ͻ2, extracted with dichloromethane, and the extract was evaporated to dryness. The extract was derivatized by using MTBSTFA (Aldrich) (43) and analyzed by gas chromatographymass spectrometry (GC-MS).
Isolate RM6 was inoculated into vitamin-supplemented SFMM to determine the extent of mineralization of 2,2Ј-dithiodibenzoic acid. The medium contained 200 mg of 2,2Ј-dithiodibenzoic acid/liter, and 15 ml was added to each of 21 sterile 60-ml serum bottles. The medium was also prepared without 2,2Ј-dithiodibenzoic acid, and 15 ml was added to each of 21 sterile 60-ml serum bottles to account for carbon dioxide and sulfate carried over from the inoculum. Isolate RM6 was grown in vitamin-supplemented SFMM with 2,2Ј-dithiodibenzoic acid as the carbon and sulfur source, and after 6 days, 2 ml of the culture was added to each serum bottle. The bottles were capped with sterile butyl rubber stoppers. The headspace gas (43 ml) contained sufficient O 2 to allow complete mineralization of the disulfide. At each sampling time, three cultures were acidified with concentrated HCl to pH Ͻ2 for carbon dioxide analyses. Culture supernatant samples were analyzed for disulfide and sulfate.
Analytical methods. Disulfides, benzoic acid, salicylic acid, and catechol were analyzed by using an Agilent (Wilmington, DE) 1100 series HPLC with a UVvisible diode array detector connected to an Agilent Chemstation operating software for LC 3D systems. An analytical LiChrosopher 100 RP-18 column (5-m particle size, 125 mm by 4 mm; Agilent) was used and the mobile phase (flowing at 1.5 ml/min) contained acetonitrile-water (35:65) with phosphoric acid (5 ml/liter) and 1 M KH 2 PO 4 buffer (5 ml/liter). 2-Sulfobenzoic acid was analyzed by using an acetonitrile-water (10:90) mobile phase (flowing at 1 ml/min) containing acetic acid (5 ml/liter) and 1 M KH 2 PO 4 (1 ml/liter). In all cases, the effluent was monitored at 240 nm.
Mineralization experiments were monitored for carbon dioxide (9) and sulfate (30) production. The GC-MS method was described previously (7) . A spot test with cadmium acetate was used to detect H 2 S in some culture supernatants.
Identification of isolates. Isolates RM1 and RM6 were identified by using the Biolog system (Biolog, Inc., Hayward, CA). Isolate RM6 was inoculated into Biolog plates with or without the vitamin mixture.
Genomic DNA was extracted from isolate RM6 by a bead-beating lysis method with 10% sodium dodecyl sulfate and chloroform (19) . The 16S rRNA gene fragment of isolate RM6 was amplified by PCR using the oligonucleotide primers PB36 (5Ј-AGRGTTTGATCMTGGCTCAG-3Ј) and PB38 (5Ј-GKTAC CTTGTTACGACTT-3Ј), corresponding to positions 8 to 27 and 1492 to 1509, respectively (10) . The PCR was carried out in a final volume of 50 l using 5 l of genomic DNA, 0.5 M concentrations of each forward and reverse primer; 50 mM Tris-HCl (pH 9); 1.5 mM magnesium chloride; 0.4 mM dGTP, dCTP, dATP, and dTTP; 5% dimethyl sulfoxide; and 0.5 U Taq polymerase (Roche Diagnostics, Laval, Quebec, Canada). Reactions were performed by using a Mastercycler Eppendorf thermocycler (Eppendorf, Hamburg, Germany) for 30 cycles (39 s at 93°C, 60 s at 54°C, and 120 s at 73°C) after an initial denaturation of 4 min at 95°C, followed by a final extension at 73°C for 10 min.
The PCR product was cleaned up according to the manufacturer directions from the Roche High Pure PCR Clean-Up kit (Roche Diagnostics). BigDye Terminator (Applied Biosystems) was incorporated into sequences using the primers PB36, PB38, 16S.1, 16S.2, 16S.3, 16S.4, and 16S.5 (Table 1) . Sequencing reactions were resolved on an ABI 3100 Genetic Analyzer (Applied Biosystems).
Sequence data assembly, analysis, and storage were done by using the Canadian Bioinformatics Resource (http://www.cbr.nrc.ca.login.ezproxy.library .ualberta.ca). Raw sequence data were assembled into contigs with PreGap4 (version 1.1) and Gap4 (version 4.6) in the Staden software package (release 2000.0; J. Bonfield, K. Beal, M. Betts, M. Jordan, and R. Staden, 2000). Contig sequences were compared to known other sequences in GenBank by using the FASTA and BLASTn search tools (2) .
The 16S rRNA gene sequence for isolate RM6 has been deposited in the GenBank database under accession number DQ118732. Initially, growth of isolate RM6 could not be obtained independently from isolate RM1 in SFMM. Supplementation with a mixed vitamin solution allowed isolate RM6 to degrade 2,2Ј-dithiodibenzoic acid, revealing that this bacterium required growth factors not present in the SFMM. When filter-sterilized supernatant from cultures of isolate RM1 grown on glucose or benzoate was added to cultures of isolate RM6, this isolate was capable of biodegrading 2,2Ј-dithiodibenzoic acid. Each of the four vitamins contained in the vitamin mixture was tested individually as supplements in the SFMM. Isolate RM6 degraded 2,2Ј-dithiodibenzoic acid in 6 days when the vitamin mixture or vitamin B 12 was provided (Fig. 2) .
RESULTS

Biodegradation
Identification and characterization of the isolates. The Biolog system identified isolate RM1 as a member of the genus Rhodococcus and isolate RM6 as a member of the genus Variovorax when the test wells were supplemented with vitamin B 12 . 16S rRNA gene sequence analysis showed that isolate RM6 is 99% similar to Variovorax isolates WDL1 and 55 (GenBank accession numbers AF538929 and AY238498, respectively).
Variovorax sp. strain RM6 was capable of using glucose, benzoate, acetate, and salicylate as carbon sources if sulfate and vitamin B 12 were supplied in SFMM. None of a number of compounds-naphthalene, catechol, benzothiophene, DBT, benzenethiol, benzyl sulfide, phenyl sulfide, octyl sulfide, ndodecyl sulfide, benzyl disulfide, or phenyl disulfide-served as a growth substrate for isolate RM6 in vitamin-supplemented SFMM.
Isolate RM6 could not use 2-oxo-2-(2-thiophenyl)ethanoic acid disulfide as a sulfur or carbon and sulfur source in vitaminsupplemented SFMM. Isolate RM6 did not degrade 2,4Ј-dithiodibenzoic acid or 4,4Ј-dithiodibenzoic acid. However, it did degrade the mixed disulfide formed from 2-mercaptobenzoic acid and mercaptoacetic acid. It also grew with 2-sulfobenzoic acid (100 mg/liter) provided as a carbon and sulfur source, degrading 2-sulfobenzoic acid in 20 days. Isolate RM6 degraded a mixture of 2-sulfobenzoic acid and 2,2Јϭdithiodiben-zoic acid (100 mg/liter each) in 4 days. Benzoic acid as an intermediate in the biodegradation of 2,2-dithiodibenzoic acid. When vitamin supplement-SFMM was prepared with 2,2Ј-dithiodibenzoic acid formed from the abiotic dimerization of 2-mercaptobenzoic acid, the medium was free of benzoic acid. However, after 2 days of incubation with Variovorax sp. strain RM6, a metabolite was detected by HPLC analysis, and it had the same retention time and UV scan as benzoic acid. This metabolite was not detected in the sterile control.
Triplicate cultures were established with Variovorax sp. strain RM6 degrading 2,2Ј-dithiodibenzoic acid. The transient peak tentatively identified as benzoic acid was observed after 2 days (Fig. 3) . Cultures of strain RM6 degrading 2,2Ј-dithiodibenzoic acid were acidified, extracted, and derivatized with MTBSTFA yielding a peak with the same retention time and mass spectrum as derivatized benzoic acid. The most abundant ions were m/z 179 (100%), 135 (11%), 105 (20%), 77 (21%), and 51 (8%). Thus, confirming that benzoic acid was produced during the biodegradation of 2,2Ј-dithiodibenzoic acid by strain RM6.
Mineralization experiments. 2,2Ј-Dithiodibenzoic acid, 12 mol, was provided in vitamin-supplemented SFMM and degraded by Variovorax sp. strain RM6 in 8 days (Fig. 4) . After 12 days of incubation, approximately 90 mol of carbon dioxide and 20 mol of sulfate were released. (14) and is a decomposition product of thiomersal (46), an antibacterial and antifungal agent used in ophthalmic solutions and opened multidose vial vaccines (1). Bressler and Fedorak (8) reported that 2,2Ј-dithiodibenzoic acid could be used as a sole carbon and sulfur source by garden soil enrichment cultures but provided no additional information. Many of the soils used in the present on October 14, 2017 by guest http://aem.asm.org/ study were taken from the root zones of marigolds because these plants, and other members of the family Asteraceae (Compositae), produce a variety of sulfur-containing metabolites (11) . Variovorax sp. strain RM6 is capable of degrading 2,2Ј-dithiodibenzoic acid in pure culture if vitamin B 12 is provided in the SFMM. Isolate RM1 likely produces vitamin B 12 , an absolute requirement for the growth of isolate RM6 in defined medium, because a mixture of these two bacteria degrades 2,2Ј-dithiodibenzoic acid. Vitamin B 12 contains cobalt and is required for microbial biosynthesis of methionine (45) . Although many B 12 -enzymes perform rearrangements of functional groups (21) , its role in the biodegradation of 2,2Ј-dithiodibenzoic acid is unknown. Hansen et al. (24) reported that Pseudomonas sp. strain RW611 has an absolute requirement for vitamin B 12 when it uses 2-sulfobenzoic acids as its sole sulfur source, but the specific role of the vitamin was not reported.
Variovorax sp. strain RM6 did not use many other compounds as carbon or carbon and sulfur sources. The disulfidedegrading isolate did not attack DBT, implying that a mixed culture would be necessary for DBT mineralization. Interestingly, strain RM6 could not degrade 2-oxo-2-(2-thiophenyl)ethanoic acid disulfide (Fig. 1) or use it as a sulfur source if acetate was provided in the vitamin-supplemented SFMM (48) . The biodegradation of 2,2Ј-dithiodibenzoic acid by strain RM6 is very specific, because it does not degrade 2,4Ј-dithiodibenzoic acid or 4,4Ј-dithiodibenzoic acid. However, strain RM6 does degrade the 2-mercaptobenzoic acid-mercaptoacetic acid mixed disulfide.
Analyses of acid extracts of laboratory cultures biodegrading benzothiophene, methylbenzothiophene, DBT, and methylDBTs produce a variety of 2,3-diones (5, 15, 33, 34, 39, 40) . When benzothiophene-2,3-dione and 7-methylbenzothiophene-2,3-dione were combined in liquid medium, seven different disulfides were formed (8) by the mechanism shown in Fig. 1 . Thus, during the biodegradation of a crude oil that contains many different substituted thiophenes, one would expect a vast array of disulfides to be formed. Based on the narrow range of disulfides used by strain RM6, it may not play a major role in the degradation of the predicted array of disulfides in biodegraded petroleum.
Various investigations have focused on the biodegradation of disulfide-containing macromolecules in insoluble biological materials such as wool (41, 44) and feathers (3, 4, 35) . However, the metabolism of disulfides is generally poorly understood and only a few studies with compounds such as diphenyl disulfide (16) , dibenzyl disulfide (16) , diallyl disulfide (20) and dimethyl disulfide (42) have identified sulfur-containing metabolites.
No sulfur-containing intermediates were detected in our cultures that degraded 2,2Ј-dithiodibenzoic acid. Benzoic acid was detected during the biodegradation of this disulfide by Variovorax sp. strain RM6 (Fig. 3) . By analogy to reports in the literature, three different hypothetical pathways for 2,2Ј-dithiodibenzoic acid biodegradation, that would produce benzoic acid as an intermediate, might involve (a) initial reduction of the disulfide bond, (b) initial oxidation of the disulfide sulfur atoms, or (c) sulfitolysis of the disulfide.
Smith and Kelly (42) (Fig. 4) , but we were unable to detect H 2 S in these cultures. Tan and Parkin (46) studied the abiotic decomposition of thiomersal and found that 2-mercaptobenzoic acid was produced, which dimerized to form 2,2Ј-dithiodibenzoic acid. They detected 2-sulfinobenzoic acid from the abiotic reaction of 2,2Ј-dithiodibenzoic acid with the ethylmercuric ion, released from thiomersal. Oxidation of sulfinobenzoic acid to 2-sulfobenzoic acid was catalyzed by 50 ppb Cu 2ϩ ion, and a trace amount of benzoic acid was produced through these abiotic reactions (46) . Although Variovorax sp. strain RM6 degrades 2-sulfobenzoic acid, this acid was not detected as an intermediate of 2,2Ј-dithiodibenzoic acid biodegradation. In addition, benzoic acid was not detected in cultures degrading 2-sulfobenzoic acid. Thus, we have no evidence that 2-sulfobenzoic acid is an intermediate in the degradation of 2,2Ј-dithiodibenzoic acid by strain RM6.
Sulfitolysis is a mechanism by which disulfide bonds in wool are broken by some fungi (35) . This reaction occurs in the presence of sulfite (generated by the fungi) and under alkaline conditions cleaving the disulfide in cystine to S-sulfocysteine and cysteine (35, 38) . In general, the reaction can be written as R 1 -S-S-R 2 ϩ SO 3 ϭ 3 R 1 -S-SO 3 Ϫ ϩ Ϫ S-R 2 . We incubated a solution of 2,2Ј-dithiodibenzoic acid with sulfite to prepare 2-(S-sulfo)benzoic acid which was not degraded by Variovorax sp. strain RM6. Thus, it appears that this bacterium does not utilize extracellular sulfitolysis to degrade 2,2Ј-dithiodibenzoic acid.
Benzoic acid, which was reported as an intermediate in DBT mineralization (47) , was the only intermediate that we detected from the biodegradation of 2,2Ј-dithiodibenzoic acid. Strain RM6 mineralizes 2,2Ј-dithiodibenzoic acid, releasing 59% Ϯ 6% of the carbon as carbon dioxide and 88% Ϯ 5% of the sulfur as sulfate (Fig. 4) . These finding are in agreement with the general assumption that aerobic heterotrophic activity releases ca. 50% of the substrate carbon as carbon dioxide (36) . Within experimental error, Smith and Kelly (42) observed stoichiometric conversion of the sulfur in dimethyl disulfide to sulfate, slightly more than that observed from 2,2Ј-dithiodibenzoic acid (88% Ϯ 5%). Although sulfite has been detected as a transient intermediate of DBT mineralization (47) , we did not analyze for sulfite because of the high yield of sulfate in our mineralization experiment.
This investigation demonstrated that 2,2Ј-dithiodibenzoic acid is biodegradable by soil microorganisms. The results of our studies suggest that if DBT degradation in the environment occurs by some microorganisms using the Kodama pathway, yielding disulfides, other microorganisms such as Variovorax sp. strain RM6 may complete the overall mineralization of DBT.
